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Abstract: Power transformer is one of the more important components of electri-
cal power systems. The early detection of transformer faults increases the power
system reliability. Dissolved gas analysis (DGA) is one of the most favorite
approaches used for power transformer fault prediction due to its easiness and
applicability for online diagnosis. However, the imbalanced, insufficient and over-
lap of DGA dataset impose a challenge towards powerful and accurate diagnosis.
In this work, a novel fault diagnosis for power transformers is introduced based
on DGA by using data transformation and six optimized machine learning
(OML) methods. Four data transformation techniques are used with the dissolved
gasses of transformer oils to reduce the high overlap of dataset samples. The OML
methods used for transformer fault diagnosis are decision tree, discriminant ana-
lysis, Naive Bayes, support vector machines, K-nearest neighboring, and ensem-
ble classification methods. The six OML methods are implemented by MATLAB/
Software based on 542 dataset samples collected from laboratories and literature.
In this regard, 361 dataset samples were used for training, while 181 dataset sam-
ples were used for testing. The transformer fault diagnosis based on the OML
methods had superior predicting accuracy compared to conventional and artificial
intelligence methods.
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data transformation
Nomenclature
Ho: Hydrogen
CO: Carbon monoxide
CHy: Methane
CO,: Carbon dioxide
C,Hg: Ethane
C,H,: Acetylen
C,Hy: Ethylene
DGA: Dissolved gas analysis
PD: Partial discharge
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DT: Decision tree

T1: Low thermal faults

DA: Discriminant analysis

T2: Medium thermal faults

NB: Naive Bayes

T3: High thermal faults

SVM: Support vector machine

DI: Low energy discharges

KNN: K-nearest neighboring

D2: High energy discharges

EN: Ensemble method

OML: Optimized machine learning
BO: Bayesian optimization

IN;: The i™ percentage gas ratios

& Relative erro

G;: The i™ gas concentration in ppm
Noredict: The number of predicted sample
TDCG: The summation of all gas concentrations
Nl The total number of training samples
Al: Artificial intelligent

Mod-Rog:  Rogers’ modified four-ratio
NPR: Neural pattern recognition

Mod-IEC:  Modified IEC 60599 code

1 Introduction

The power transformer is one of the most important equipment in electrical power systems. Accordingly,
the early detection of transform faults is very important to enhance power system reliability [1]. The power
transformers are subjected to electrical and thermal stresses, which can cause decomposition in the insulation
oil with a subsequent generation of dissolved gasses. The more common gasses in transformer oil are
Hydrogen (H,), Methane (CH4), Ethane (C,Hg), Ethylene (C,H,4), Acetylene (C,H,), carbon monoxide
(CO), carbon dioxide (CO,) [2,3]. In most researches, the first five dissolved combustible gasses (H,,
CH,, C,Hg, C,Hy, and C,H,) are used for predicting the power transformer fault types, since CO and
CO, are only used for predicting the insulating papers degradation state [4,5]. The different transformer
fault types produced due to electric and thermal stresses are classified as partial discharge (PD), low and
high energy discharges (D1 and D2), and low, medium, and high thermal faults (T1, T2, and T3) [6].

Power transformer fault type prediction based on dissolved gas analysis (DGA) was carried out by some
conventional methods, artificial intelligence based methods, and machine learning based methods. The
conventional methods are divided into ratio methods and graphical methods. The ratio methods include
Doernenburg ratio, Rogers’ three and four-ratio, and IEC 60599 code methods [7,8]. The graphical
methods include the Duval triangle [9], Duval and Mansour pentagon [10,11], and Gouda heptagon [12]
methods. The conventional methods are simple to implement, but they have poor detecting accuracy for
power transformer fault types. The artificial intelligence based methods used for transformer fault
diagnosis include various methods such as: neural networks [3,13,14], fuzzy logic [15—17], Neuro-fuzzy
[18], particle swarm-fuzzy logic [19,20], support vector machines [21-23], hybrid grey wolf optimization
technique [4]. The artificial intelligence based methods has high predicting accuracy for transformer fault
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diagnosis compared to the conventional ratio and graphical methods, but they necessitate large dataset for
implementation. Moreover, more accurate methods are needed to assure the highest reliability level of
electrical grids. As a result, machine learning based methods were proposed as superior methods for
power transformer diagnostics based on DGA [24]. However, the selection of governing parameters in
machine learning based methods is crucial for effective application of these methods.

From this viewpoint, it is proposed in this work to develop a novel power transformer fault diagnosis
based on six optimized machine learning (OML) classification methods. The six OML classification
methods are decision tree (DT), discriminant analysis (DA), Naive Bayes (NB), support vector machines
(SVM), K-nearest neighboring (KNN), and ensemble methods (EN). These are applied to 542 dataset
samples collected from laboratories and literature. The collected samples have a high overlap degree
among different fault types. To enhance the OML predicting accuracy, four data transformation
techniques are implemented. The four data transformations are logarithmic, normalization,
standardization, and percentage gas ratio techniques. The predicting accuracy is compared among
different OML classification methods and data transformation techniques. The different methods are
implemented using MATLAB/software classification toolbox.

The organization of the next sections is as follows. Section two introduces data transformation
techniques and methodology, while section three presents the results of OML methods with different data
transformation techniques. Section four introduces the wvalidation of the proposed method and
comparisons with conventional and artificial intelligence based methods. Finally, section five presents
conclusions and recommendations.

2 Data Transformation Techniques and Solution Methodology
2.1 Data Transformation Techniques

The proposed OML methods are carried out and implemented based on 542 dataset samples. The dataset
samples are collected from literature, utilities, Egyptian Electricity Holding Company (EEHC) in Egypt, and
Technology Information Forecasting and Assessment Council (TIFAC) in India [6,9,21,25-28]. This variety
of dataset samples are used in this work to assure the reliability of the proposed fault diagnosis. The dataset
distribution is divided into two datasets. The first dataset is used for the training process (361 samples,
66.67% from overall dataset samples), while the second is used for the testing process (181 samples,
33.33% from overall dataset samples). The distribution of the training and testing datasets is introduced
in Tab. 1 against transformer fault types.

Table 1: Distribution of training and testing dataset samples against fault types

Fault type PD DI D2 Tl T2 T3 All
Train 38 57 93 71 35 67 361
Test 20 29 45 35 18 34 181
All 58 86 138 106 53 101 542

Fig. 1 introduces the distribution of H,, CH4, C,Hg, and C,H, versus the different transformer fault
types. The distribution of the different gasses against different fault types has a high degree of overlap,
which requires a transformation technique of the dataset before applying the OML methods to enhance
their predicting accuracy.



742 TASC, 2021, vol.28, no.3

2 ‘ F
= =
5 &
~
O =
= ®
» = [
+ w
107 107
50 100 0 50 100
E) E]
) 2
= 2
= =
A al
= =
(2l ~
o Ly o
L0
0 50 100 0 50 100
No. of Samples No. of Samples

Figure 1: Distribution of H,, CH4, C;He and C,H, versus the different transformer fault types

2.1.1 Gas percentage transformation

In the gas percentage transformation, the input gas ratio to the OML methods can be expressed as
follows:

G;
IN;=———x100, i =1,2,3,4,5 1

1 TDCG X M 14 ) M ) ) ( )
where, IN; is the i™ percentage gas ratios, G; is the i gas concentration in ppm (H,, CH4, C,Hg, C,Hy or
C,H,), and TDCG is the summation of all gas concentrations.

2.1.2 Logarithmic transformation

In the logarithmic transformation, the input gas ratio to the OML methods can be presented as
follows:

IN; =In(G), i=1,2,3,4,5 2)

2.1.3 Normalization transformation

In the normalization transformation, the input gas ratio to the OML methods can be calculated as
follows:

[Gi — mm(G,)

- ]
IN; = [max(G;) — min(G;)]

, 1=1,2,3,4,5 €)

2.1.4 Standardization transformation

In the standardization transformation, the input gas ratio to the OML methods can be estimated as
follows:

[G; — mean(H, : CoH,))|

IN; =
Std(Hz : Csz))

7i:172737475 (4)

where, mean(H, : C,H,) and Std(H, : C,H,) is the average and standard deviation of five dissolved gas
concentrations, respectively.
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Fig. 2 introduces the distribution of H,, CH,4, C,He, and C,H, against the different transformer fault
types with different transformation techniques. It is illustrated that the overlap of gas distribution with
different faults after applying transformation techniques is lower than that of raw gas concentrations in
Fig. 1, especially with gas percentage transformation technique.
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Figure 2: Distribution of H,, CHy4, C;He_and C,H, versus the different transformer fault types with different
transformation techniques. (a) Gas percentage (b) Logarithmic (¢) Normalization (d) Standardization

2.2 Solution Methodology and OML Methods
2.2.1 Solution methodology

The OML methods are optimized during the training process by Bayesian optimization (BO). The BO
technique is one of the most effective approaches that was used with OML methods to identify their
hyperparameters [29]. The BO is used to determine the optimized parameters of each method to enhance
its predicting accuracy. For example, the optimal parameters of the KNN method are number of
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neighbors, distance metric, distance, weight, standardize data, while that of the EN method is ensemble
method, the maximum number of splits, number of learners, and learning rate. The BO is used to
determine the optimal parameters based on period calculation, and then the probabilistic model is used to
evaluate the optimal parameters by applying the different probability values to select the suitable one that
gives the highest probability [30]. The BO model used for determining the optimal parameters of OML
methods was expressed in [30,31]. The optimization models of the six OML methods are carried out by
MATLAB/software 2020b classification learner toolbox [32]. The optimized model of each method with
different transformation data are then used for predicting new dataset samples denoted as testing samples.

The procedure of selection methodology is summarized in the following steps:

1. Divide dataset samples into two sets: the first set (361 samples) is used for the training process, while
the second one is used for testing purposes (181 samples).

2. Choose the validation technique: the cross-validation folds with 10 folds is chosen for the training
process.

3. Choose classifier options: the optimization technique (BO), acquisition options (expected
improvement by per second plus) and the total number of iterations of 30.

4. Choose the OML classifier method.

5. Start the training process: the model hyperparameters are determined using BO and the predicting
accuracy of the training dataset is obtained.

. Access classifier method parameters and performance.
. Export the classifier model of the selected OML method.
. Repeat steps 3 up to 7 with the different OML methods.

. Use the optimized models of the OML methods to predict the transformer fault types for the testing
dataset samples.

O 0 9 N

10. Compere between the predicting accuracy of the OML methods to determine the best one.

2.2.2 OML methods

In this work, MATLAB/software 2020b classification learner toolbox is used as a platform for the
optimization classifiers. It is consists of six OML methods. The six OML methods are DT, DA, NB,
SVM, KNN, and EN. A brief summary of the six OML methods used in this study for classification
learner toolbox is introduced as follows:

e Decision tree (DT)

The decision tree consists of the root node, branches, internal nodes, and leaf nodes [33]. The
classification process of the DT method is carried out by evaluating the information of each attribute and
using them to split the datasets into different subsets flowing from the root node through branching and
internal nodes until attain the final decision class at the leaf nodes [34]. The BO technique is used to
determine the optimal hyperparameters of the DT, which are a maximum number of splits and split
criterion. This process is repeated by removing the branches that aren't helpful in the classification
process until the final decision tree model is obtained.

o K-nearest neighbor (KNN)

The KNN method is an effective OML method that is used in different classification applications [34].
The main idea of the KNN method is to determine the training dataset samples for each class that have the
closest distance to a given query position [35]. The BO is used to determine the optimal hyperparameters of
the KNN method to obtain the highest classification accuracy. The KNN optimization hyperparameters are
number of neighbors, distance metric, distance weight, and standardize data.
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e Support vector machines (SVM)

The SVM classifies data by building a number of hyperplanes that separate between the classes on the
training dataset [21]. SVM is categorized as a kernel method. The hyperline is chosen to a wide separation
between the classes. The kernel function is used to determine the path of the hyperline. SVM has the
advantages of good predicting classification accuracy, but it required a long time for the training process.
The BO is used to estimate the optimal parameters of the SVM model during the training process. The
optimal parameters of the SVM method are kernel function, kernel scale, box constraint level, meticulous
method, and standardize data.

o Ensemble method (EN)

The EN method is similar to the DT method, so that it consists of the root node, branches, internal nodes,
and leaf nodes. The EN method is generating a subset sample from the main dataset samples and using the
main dataset and the generated dataset for the training process [36]. It required a long time for the training
process compared to the DT and KNN methods [34]. The BO is used to estimate the optimal parameters of
the EN model during the training process. The optimal parameters of the EN method are the ensemble
method, maximum number of splits, number of learners, and learning rate.

e Naive Bayes (NB)

The NB is one of the classifiers that depends on the Bayes theorem on the classification process [37]. In
this method, the classification process assumes that the input features are independent to determine the output
classes. The NB is faster than SVM and EN for the training process, and it is suitable for training large dataset
samples. The optimal parameters of the NB are determined by BO during the training stage. The optimal
parameters of the NB method are distribution names and kernel type.

e Discriminant analysis (DA)

The DA is one of the classifiers that depends on the Bayes theorem on the classification process [38].
The DA analysis types are linear and quadratic discriminant types. The DA is faster than SVM and EN
for the training process, but it has a low predicting accuracy of the classification process. The optimal
parameters of the DA are determined by BO during the training stage. The optimization parameter of the
DA method is discriminant type.

3 Results and Discussions

The six OML classification methods were implemented using a classification learner toolbox of
MATLAB/software 2020b. The 542 dataset samples were used for both training (361 samples) and
testing (181 samples) stages of six OML methods. The training process of six OML methods based on
the raw dataset and the four data transformation techniques was introduced in this section.

The relative error of the six OML methods during the training stage can be evaluated as follows:

N, predict
N total

e=1-— 5)
where ¢ is a relative error, Npcgic; and Nyoy are the number of predicted and the total number of training
samples, respectively. The percentage predicting accuracy of the six OML methods during the training
and testing stages can be evaluated as follows:
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% Accuracy = Noredic x 100 (6)
total

Fig. 3 illustrates the relative minimum error during the training stage of the six OML methods with raw
dataset training samples (361 samples). The raw dataset consists of 361 samples with five gasses (H,, CHy,
C,Hg, C,H,, and C,H,). The results illustrate that the minimum relative error of the six OML methods
decreased with training iteration number and reached their minimum values after several iterations. The
KNN and EN have a minimum relative error at the end of a training stage that close to 0.23, which is a
relatively large value. So that, the predicting accuracy of the six OML methods is relatively low for both
training and testing stages, as introduced in Tab. 2. The results illustrate the low predicting accuracy for
all methods during training and testing stages, especially the DA and NB methods. Also, the results
illustrate that the EN method has the highest predicting accuracy with 78.39% and 84.53% for training
and testing stages, respectively.
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Figure 3: Minimum error of the six OML methods during the training stage with the raw input dataset.

Table 2: Predicting accuracy for both the training and testing stages with the raw input dataset

Fault Training stage Testing stage
t
Y DT DA NB SVM KNN EN DT DA NB SVM KNN EN

PD 8158 3947 711 711 737 921 800 200 650 700 90.0 95.0
DI 4737 7018 614 509 526 544 759 517 552 586 3448 517
D2 7419 3871 4839 8602 8172 86.02 86.67 44.44 5333 86.67 77.78 88.89
T1 8169 62.86 40.85 88.73 90.14 8592 8571 66.67 1429 9143 77.14 9429
T2 62.86 3143 286 7429 7143 3714 66.67 2222 0.00 7222 66.67 77.78
T3 88.06 2537 62.60 80.60 88.06 94.03 70.59 3529 67.65 8529 100.0 94.12
Al 7368 5125 4958 77.29 78.12 {8 79.01 49.72 4475 79.56 75.14 NAS8

Fig. 4 presents the minimum error against iteration number during the training process with the six OML
methods using the four suggested data transformation techniques (logarithmic, normalization,
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standardization, and gas percentage ratios). The results illustrate that the minimum errors with the six OML
methods during the training stages with gas percentage transformation techniques are smaller than that of
normalization, standardization, and logarithmic transformation techniques. The optimal parameters of the
six OML methods with gas percentage transformation are introduced in Tab. 3.
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Figure 4: The minimum error versus iteration number during the training process with the six OML
methods and four data transformation techniques. (a) Logarithmic transformation (b) Standarization
transformation (c) Normalization transformation (d) Gas percentage transformation

Fig. 5 presents the predicting accuracy for both training and testing dataset samples of the six suggested
OML methods with the four data transformation techniques. The results illustrate that the predicting accuracy
with gas percentage transformation is better than other transformation techniques. The predicting accuracy of
testing data sets (181 samples) are 83.43%, 83.83%, 85.08%, 85.08%, 89.50%, and 90.61% for DA, NB, DT,
KNN, SVM, and EN methods, respectively. The highest predicting accuracy with testing dataset samples is
obtained by the EN method with 90.61%.
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Table 3: The optimal parameters of six OML methods with gas percentage transformation
OML DT DA NB SVM KNN EN
method
Optimal  Max. Discriminant Distribution Multiclass Number of Ensemble
parameters number of type: Diagonal name: methods: neighbors: 7 method: Bag
splits: 11~ quadratic Gaussian One-vs-one  Distance Number of
Split Min. observed  Min. Box metric: learners: 209
criterion:  error: 0.171 observed constraints Chebyshev  Max. number of
Towing error: 0.171 level: 0.263  Distance splits: 80
rule Kemnel weight: Number of
Min. function: Inverse predictors to
observed Cubic Standard sample: 2
error: 0.176 Standard data: True  Min. observed
data: True Min. error: 0.144
Min. observed
observed error: 0.155
error: 0.151
% N ~ ~ _ 100
80 90 _ _ = _ i
70 80
. 60 LT
£ 40 &
S 30 g ig
20 20
10 10
0 0
DT DA NB S KNN EN DT DA NB S KNN EN

mLog mStd mNorm = Per mLog mStd ®wNorm = Per

(@) (b)

Figure 5: The predicting accuracy of the six OML methods with the four data transformation techniques for
training and testing stages. a) Training accuracy b) Testing accuracy

4 Validation and Comparisons
4.1 Comparison between the Proposed Model and Other Methods

The predicting accuracy of the EN method is better than the other suggested OML methods so that it will
be compared with other conventional and artificial intelligent (AI) methods that were recently published with
the testing dataset samples (181 samples). The conventional methods used for comparisons are Rogers’ four-
ratio, IEC 60599 code, and Duval triangle, while the Al methods are Rogers’ modified four-ratio [20],
modified IEC 60599 code [20], the neural pattern recognition approach [3], and code-tree [4]. These
comparisons are depicted in Tab. 4. The predicting accuracies are 50.83%, 60.77%, and 72.38% with
Rogers’ four-ratio, IEC 60599 code, and Duval triangle methods, respectively, while that are 85.64%,
84.53%, 87.29%, 90.06%, and 90.61% for Rogers’ modified four-ratio (Mod-Rog), modified IEC
60599 code (Mod-IEC), code-tree, neural pattern recognition (NPR) approach, and the proposed EN



IASC, 2021, vol.28, no.3 749

method, respectively, with gas percentage transformation. The results indicate that the proposed EN method
with the gas percentage transformation technique has the highest predicting accuracy.

Table 4: Comparison between the proposed EN method and conventional and Al methods with the testing
dataset samples

Fault Rogers’ four IEC Duval Mod- Mod- Code- NPR EN
type ratio 60599 code triangle Rog IEC tree

PD 45 55 50 95 100 80 95 95
D1 0 37.93 79.31 75.86  62.07  79.31 82.76 65.52
D2 62.22 55.56 75.56 82.22 86.67  88.89 88.89 93.33
T1 74.29 48.57 57.14 77.14 7429  85.71 85.71 97.14
T2 33.33 88.89 55.56 100 100 9444 9444 94.44
T3 67.65 88.24 100 94.12 94.12 9412  97.06 97.06
ALL 50.83 60.77 72.38 85.64 8453  87.29  90.06 90.61

4.2 Implementation of the Proposed Models in DGALab Software

The proposed models of OML classification methods (DT, DA, NB, SVM, KNN, and EN) with gas
percentage transformation are implemented in DGALab software [39] to facilitate the transformer fault
diagnosis for engineers in electrical utilities. They can insert the dissolved gasses directly into the
software to obtain the corresponding fault types.

Fig. 6 presents a comparison between the proposed EN method with other methods on DGALab
software using testing dataset samples (181 samples). It illustrates that the proposed EN method has good
predicting accuracy that is better than other methods.

Dissolved Gas Analysis
Method
Ensemble A Results/Analysis View o
Code-Tree ORaw Data ©®Accuracy Graph OAccuracy Table
e Export Resullts ...

IEC-Mod Ensemble & £
Rog4-Mod
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Input Mode o [ Ensemble
OPoint  @Dataset " B Code-Tree

S 50 [CIEC-Mod
Select Datasets = [ Rog4-Mod
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PD D1 D2 T 12 T3 All
[ Run Fault Type

Figure 6: Comparison between the proposed EN method and the other methods on DGALab software using
testing dataset samples
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Fig. 7 shows the confusion matrix of the proposed EN method extracted from DGALab software
with testing dataset samples (181 samples). The predicting accuracy for transformer fault types are 95%,
65.52%, 93.33%, 97.14%, 94.44%, 97.06%, and 90.61% in predicting PD, D1, D2, T1, T2, T3, and all
samples, respectively.

Dissolved Gas Analysis
Method

Ensemble ~ Results/Analysis View -

ORaw Dat: OA Graph @A Tabl
Code-Tree aw Data cetlasig Slaieilel] IEHE Export Results ...
IEC-Mod Ensemble
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data_361 “ LE! 34 0 0 0 0 1 33 0 0 97.0588
data_181 M 181 21 22 50 36 19 33 0 0 906077
dataset3_(5)
dataset4_(9)
dataset5_(8)

dataset6_(19) v
Configur... Select All

[ Run

Figure 7: Confusion matrix of the proposed EN method extracted from DGALab software with testing
dataset samples

5 Conclusions

In this paper, a novel power transformer fault type diagnosis has been developed using six OML
classification methods with four data transformation techniques. The six OML methods used were DT,
DA, NB, SVM, KNN, and EN methods. The four transformation techniques were implemented to
enhance the fault predicting accuracy of the proposed methods. The data transformation techniques were
logarithmic, normalization, standardization, and gas percentage transformations. The transformer fault
detecting accuracy of the six OML methods with the gas percentage transformation was better than other
transformation techniques, especially with SVM and EN methods. The predicting accuracy of the EN
method with the testing dataset samples was 90.61%. The proposed model predicting accuracy was
compared with conventional methods (Rogers’ four-ratio, IEC 60599 code, Duval triangle) and Al
methods (Rogers’ modified four-ratio, modified IEC 60599 code, code-tree, and neural pattern
recognition methods). The comparison validated the superiority of the proposed model. Furthermore, the
six proposed OML methods were implemented in DGALab software to facilitate their implementation by
electrical utilities for transformer fault diagnosis.
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